A broadly cross-protective influenza vaccine that can be administrated by a painless selfimmunization method would be a value as a potential universal mass vaccination strategy. This study developed a minimally-invasive microneedle (MN) patch for skin vaccination with viruslike particles containing influenza virus heterologous M2 extracellular (M2e) domains (M2e5x VLPs) as a universal vaccine candidate without adjuvants. The stability of M2e5x VLP-coated microneedles was maintained for 8 weeks at room temperature without losing M2e antigenicity and immunogenicity. MN skin immunization induced strong humoral and mucosal M2e antibody responses and conferred cross-protection against heterosubtypic H1N1, H3N2, and H5N1 influenza virus challenges. In addition, M2e5x VLP MN skin vaccination induced T-helper type 1 responses such as IgG2a isotype antibodies and IFN-γ producing cells at higher levels than those by conventional intramuscular injection. These potential immunological and logistic advantages for skin delivery of M2e5x VLP MN vaccines could offer a promising approach to develop an easy-to-administer universal influenza vaccine.
Introduction
Influenza virus is one of the most common causes of serious respiratory illness resulting in approximately 20,000 to 50,000 deaths annually worldwide [1] [2] . The limitations of current influenza vaccines include the strain-specific protection, uncertainty in the prediction of the appropriate vaccine strains, and the inability to prevent a pandemic influenza. In 2009, a new influenza A strain emerged and spread globally at alarming speeds, which caused the first 21st century pandemic [3] [4] [5] . In order to effectively control a pandemic outbreak by overcoming strain-specific limitations, universal vaccine strategies have been reported by demonstrating protections against antigenically different influenza strains [6] .
Although the extracellular domain of ion channel M2 protein (M2e) is relatively well conserved among influenza A viruses, M2e is intrinsically low immunogenic due to its small size, its low level of incorporation into virions, and shielding effects by larger viral surface proteins, hemagglutinin and neuraminidase [7] . Therefore, several strategies have been attempted to improve its immunogenicity including fusion of M2e peptides with carrier proteins or vehicles formulated in adjuvants such as cholera toxin subunits and flagellin [8] [9] [10] [11] . Despite their ability to stimulate immune responses, these adjuvants would not be approved for human use because of potential toxicity. In addition, few amino acid (aa) changes are noted within the central M2e residues among human, swine, and avian influenza A viruses (aa10-13, human type: PIRN; swine type: PTRS; avian type: PTRN) which can cause antigenic difference to M2e [12] .
Virus-like particles (VLPs) are similar to virus in structure and morphology but nonreplicating. VLPs are effective in delivering vaccine antigens and in inducing immune responses probably due to their particulate nature. Recently, we developed a tandem repeat construct of M2e5x composed of human, swine, and avian influenza virus M2e sequences on VLP (M2e5x VLP) that conferred a broad range of cross protection after conventional intramuscular immunization [13] . However, studies on effective vaccination methods for a broad cross-protection are much limited. Thus, it is important to carry out comparative studies to evaluate immune responses and protective efficacy by M2e5x VLP vaccines depending on the routes of administration, i.e. IM and transdermal skin immunization.
The skin is not merely a physical barrier, but a promising alternative route of vaccination for inducing immune responses [14] [15] [16] . In addition to immunogenicity, skin administration using MN has been shown to be painless, simple to administer, and well accepted by patients and healthcare providers [17] [18] . Here we hypothesized that this alternative skin vaccination with M2e5x VLP would be similar or better in producing M2e immunity and cross protection compared to conventional intramuscular (IM) needle injection immunization and soluble M2e5x protein vaccines. From the comparative evaluation of the immune response between skin route using MN patches and conventional IM route, this study demonstrated that skin vaccination of M2e5x VLP induced cross-protective immunity in mice, providing evidence of a proof-of-concept for its potential application as a simple-toadminister universal influenza vaccine for further development.
Materials and methods

Viruses and influenza M2e5x VLP
Influenza A viruses, A/California/04/09 (A/California, H1N1), A/Philippines/2/82 (A/ Philippines, H3N2), and A/Mandarin Duck/Korea/PSC24-24/2010 (A/Mandarian duck, avian rgH5N1 containing HA with polybasic residues removed, NA and M genes from A/ Mandarin Duck, and the remaining backbone genes from A/PR8 virus), were grown in 10-day-old chicken eggs at 37°C for 2 days. The viruses were inactivated using formalin [19] . M2e5x VLPs were produced as previously described [13] . The morphology of M2e5x VLP was analyzed by using cryogenic-transmission electron microscopy (cryo-TEM, JEOL 2200 FS; JEOL USA, Peabody, MA) at an acceleration voltage of 200 kV. Specimen was prepared by plunge-freezing thin aqueous films. Briefly, 7 μl of M2e5x VLP suspension in PBS (0.4 mg/ml) was placed on top of holey carbon grid, followed by blotting off excess solution. Samples were vitrified by rapidly plunging them into liquid ethane, transferred in liquid nitrogen, and loaded into a cryo-holder for analysis.
fourth days. The culture was kept at 30°C with agitation for 72 h. Then the supernatants were recovered. M2e5x proteins were purified by ion exchange chromatography on QSepharose (GE Healthcare, PA) followed by hydrophobic interaction chromatography on phenyl-Sepharose 6FF column (GE Healthcare, PA).
Preparation of microneedle (MN) patches
A vaccine patch with MNs was prepared by fabricating arrays of solid MNs and coating vaccine antigen on the surface of MNs as described previously [20] [21] . Briefly, rows of solid metal microneedles were made by wet-etching photolithographically defined needle structures from stainless steel sheets (Tech Etch, Plymouth, MA). The resulting MNs measured 700 μm in length and 200 μm in width. To coat a layer of vaccine, MNs were first oxygen-plasma treated to make the MN surface more hydrophilic, dipped multiple times into coating solution containing M2e5x VLP or M2e5x proteins to load the vaccine dose designed for this study and air dried at room temperature (R.T.) [22] . The coating solution was composed of 1% (w/v) carboxymethyl cellulose (CMC) sodium salt (Carbo-Mer, San Diego, CA) as a viscosity enhancer and 15% (w/v) D-(+)-trehalose dehydrate (SigmaAldrich, St. Louis, MO) used as a stabilizer. A patch with an array of five MNs coated with 2 μg of influenza M2e5x VLPs or M2e5x proteins (total proteins) was used to vaccinate animals. Mock vaccination was carried out using microneedles without M2e5x VLPs or M2e5x proteins.
Stability of M2e5x VLP MN patches
The coated MNs were kept at 4°C and room temperature (R.T.) for stability test. In order to test the stability of M2e5x VLPs or M2e5x proteins after the coating process, MN patches coated with VLPs or proteins were dissolved in Na-Bicarbonate ELISA coating buffer. To determine M2e reactivity of M2e5x VLPs or proteins, the dissolved M2e5x VLPs or proteins were serially diluted four times, coated into ELISA immunoplate from 250 ng to 4 ng of total protein of M2e5x VLPs or proteins, and incubated at 4°C overnight. Monoclonal M2e antibody (14C2, Abcam) was used as primary antibody and HRP-conjugated goat antimouse IgG was used as secondary antibodies to determine total IgG antibody. Tetramethylbenzidine substrate (Sigma-Aldrich, St. Louis, Mo) and 1M H 3 PO 4 were used to develop color and to stop color reaction, respectively. The optical density was read with an ELISA reader at 450 nm.
To test immunogenicity of M2e5x VLP coated MN patches stored at 4°C and R.T. for 8 weeks, six to eight-week-old female BALB/c mice (Charles River) were prime-immunized through the skin and boost-immunized at 4-weeks interval (5 mice per group, 2 μg of total protein). MN delivery to the skin was followed as described previously [23] . To compare M2e antibody response, sera were taken 3 weeks after each vaccination. Full details of this study and all animal experiments presented in this manuscript were approved by the IACUC review board. Approved IACUC protocols operate under the federal Animal Welfare Law (administered by the USDA) and regulations of the Department of Health and Human Services.
Immunization and challenge
Six to eight-week-old female BALB/c mice (Charles River) were immunized on the skin with MN arrays coated with 2 μg of total M2e5x VLPs or M2e5x proteins comparing to intramuscular (IM) injections using M2e5x VLPs dissolved in PBS with M2e5x VLP MN array. To compare M2e antibody responses, sera were collected 3 weeks after each vaccination. For challenge infections, mice lightly anesthetized with isoflurane were intranasally infected with a lethal dose of A/California/04/09 (H1N1) (2× 50% lethal dose [LD 50 ]), A/Philippines/2/82 (H3N2) (4× LD 50 ), or avian rgH5N1 (with mutant H5 HA, N1 NA, and M from A/Mandarian duck/Korea/PSC24-24/2010) (2× LD 50 ) 6 weeks after boost vaccination. Mice were observed daily to monitor changes in body weight and to record mortality.
Antibody responses
M2e specific antibody responses were measured by ELISA using synthetic human, swine, or avian M2e peptides (2μg/ml) as previously described [13, [24] [25] .
Analysis of antibodies in bronchoalveolar lavages after challenge
Bronchoalveolar lavage fluids (BALF, N=4) were prepared for the analysis of antibody responses from mice at day 4 after challenge with 4× LD 50 of influenza A/Philippines (H3N2) virus. BALF samples were collected via the trachea by infusing 1 ml of PBS into the lungs using a 25-gauge catheter (Exelint International Co., Los Angeles, CA) [13] . M2e specific or virus-specific antibody responses in BALF were measured by ELISA using synthetic M2e peptides as a coating antigen (2μg/ml) [13] .
Inflammatory cytokine and lung viral titer
Inflammatory cytokines interleukin-6 (IL-6) in bronchoalveolar lavage fluid (BALF) collected at day 4 post-challenge was analyzed by the cytokine ELISA kit (eBioscience) according to the manufacturer's procedure as previously described [26] . Lung tissues were homogenized by mechanically grinding lung tissue using cell strainers with 1.5 ml of PBS per each lung and the lung extracts were collected. Ten-day-old embryonated chicken eggs were inoculated with serially diluted lung extracts and incubated at 37°C for 2 days, and hemagglutination activity was tested to determine viral titers as described [27] .
Determination of T cell responses
At day 4 post challenge, lung cells were isolated from corresponding tissue samples as described [28] . Interferon (IFN)-γ secreting cell spots were determined on Multi-screen 96 well plates (Millipore, Billerica, MA) coated with cytokine specific capture antibodies as described [13] . Briefly, 0.2×10 6 lung cells per well were cultured with challenged A/ Philippines/2/82 virus (2 μg/ml) as an antigenic stimulator. After 36 h incubation, the spots of IFN-γ secreting T cells were counted using an ELISpot reader (BioSys, Miami, FL).
Statistical analysis
To determine the statistical significance, a two-tailed Student's t-test was used when comparing two different conditions. A P-value less than 0.05 was considered to be significant.
Results
Construction of recombinant M2e5x VLP or M2e5x protein and MN array coating
Constructs of tandem repeat M2e5x in M2e5x VLPs or M2e5x proteins were designed and generated in an effort to develop universal influenza vaccines (Fig. 1A) . The tandem repeat of M2e5x construct is consisted of heterologous M2e sequences containing M2 extracellular domains (M2e) derived from human, swine, and avian species host influenza A viruses [13] . A schematic diagram of the M2e5x VLP vaccine is shown in Fig. 1B , exhibiting M2e5x protein on the surface and M1 matrix core proteins inside the particle. As shown in Fig. 1C , the prepared M2e5x VLP vaccine was found to resemble influenza virus particles in morphology and size. Especially, spike-like proteins can be clearly identified on the vaccine envelope in the cryo-TEM micrograph. The MNs used in this study were prepared as single rows containing five MNs each measuring 700 μm long, 200 μm wide at the base, and 50 μm in thickness. MN vaccines with dry coating of M2e5x VLPs showed a uniform dry coating on the surfaces of MN arrays (Fig. 1D) . Similarly to M2e5x VLPs, a uniform coating of MN arrays with M2e5x proteins was obtained from MNs coated with M2e5x proteins (data not shown). Taken together, these results show that M2e5x VLPs, a particulate vaccine structurally similar to the influenza virus, were successfully coated onto MNs.
M2e5x VLPs coated onto MN arrays maintain M2e epitope integrity and are immunogenic
After coating MN arrays with a formulation containing M2e5x VLPs as antigen, stability of the M2e5x VLP vaccine was measured based on the reactivity of dissolved-off M2e5x VLPs against M2e monoclonal antibody (14C2). We compared M2e antibody (14C2) reactivity of coated M2e5x VLP vaccines with respect to different temperature and time of storage after drying coated M2e5x VLPs on solid metal MNs ( Fig. 2A) . No significant levels of timeand-temperature-dependent destabilization were observed from M2e5x VLPs coated onto MNs up to 8 weeks and at both 4°C and R.T., respectively. These results indicate that the stability of M2e5x VLP vaccines coated on MN arrays can be maintained for 8 weeks even at R.T. storage conditions without significant reduction in M2e epitope reactivity. Following in vitro characterization of M2e epitope reactivity, in vivo experiments were performed to better assess immunogenicity and efficacy of solid MNs coated with M2e5x VLP vaccines. Prime-boost skin vaccinations of mice with MN M2e5x VLPs stored at 4°C or R.T. for 8 weeks induced high levels of serum IgG antibodies specific for M2e peptides, comparable to those in mice immunized with freshly prepared M2e5x VLP MNs (Fig. 2B ).
Stability and immunogenicity of M2e5x proteins coated onto MNs were determined in similar experimental conditions to M2e5x VLP. M2e antibody, 14C2, reactivity to M2e5x proteins coated onto MNs was measured as an indicator of MN vaccine stability was found to be maintained after storage for 8 weeks at R.T., similar to that of M2e5x proteins coated onto MN arrays a day earlier (Fig. 2C) . Based on 14C2 reactivity, M2e epitope contents into M2e5x protein MN vaccines were approximately 2 fold higher than that in M2e5x VLP MN vaccines at the concentration of 63ng/well of total coated proteins. Despite higher 14C2 reactivity, prime-boost MN vaccination after coating MN with M2e5x proteins did not induce M2e specific antibody responses (data not shown). These results suggest that M2e5x VLPs coated onto metal MN arrays in solid formulation maintain M2e epitope integrity during storage for over 8 weeks at R.T. and are able to induce potent M2e antibody responses after delivery to the skin of mice.
MN skin immunization with M2e5x VLP is effective in inducing IgG2a isotype antibody responses
It is important to compare immunogenicity of tandem repeat of M2e epitopes presented on VLPs (M2e5x VLP) and in a soluble form (M2e5x protein) after MN delivery through the skin and conventional IM immunization. Groups of mice (N=12) were immunized with M2e5x VLPs or M2e5x protein (2 μg of total protein) using solid MNs through the skin or syringes by IM injection by using coating buffer as a mock control group at weeks 0 and 4 ( Figs. 3A and B) . After prime immunization, the M2e-specific antibody levels were induced at a low level, which are similar in both groups of MN skin and IM immunization (Fig. 3A) . After boost, M2e antibody levels were induced at approximately 4-fold higher levels by MN skin immunization with M2e5x VLP than those by IM injection with significant difference in 600 or 3600-fold diluted sera (Fig. 3B) . The M2e5x protein group did not induce M2e-specific antibody responses even after boost immunization through the MN skin or IM route. These results suggest that dry-coated M2e5x VLP MN skin immunization would be an alternative route that might be better than the conventional IM route.
To further understand types of immune responses to M2e, we analyzed IgG isotypes (IgG1 or IgG2a) of serum antibodies after boost immunization (Fig. 3C) . In conventional IM route, the level of M2e specific IgG2a antibody was found to be similar to that of IgG1, which seems to be effective in inducing balanced T helper type I (Th1) and 2 (Th2). In contrast, through the skin route using MN, an average level of M2e-specific IgG2a was approximately 2 fold higher than that of IgG1, which seems to be more effective in inducing Th1 type immune responses. These results provide evidence that delivery of M2e5x VLP to the skin using solid MN arrays could shape the host immune responses to antigen in a direction to a Th1 type response.
MN M2e5x VLP skin immunization induces antibodies specific for swine and avian M2e antigens
The central sequence of M2 ectodomain epitopes has a few residue changes among human, swine, or avian influenza A strains. Thus, we tested whether immune sera would be reactive with M2e peptide sequences of swine or avian influenza A viruses (Fig. 4) . M2e5x VLP immune sera showed the highest levels of antibodies specific for a swine or avian M2e antigen, while M2e5x protein immune mice did not induce M2e antibodies at a detectable level. MN skin and IM injected boost immune sera from M2e5x VLP immunization showed similar levels of antibody reactivity to swine type M2e peptide (Fig. 4A) . On the other hand, MN skin immune sera showed a higher level of antibodies reactive to an avian type M2e peptide antigen than that of IM injection (Fig. 4B) . These results suggest that M2e5x VLP MN skin immunization induces antibodies specific for human, swine, and avian M2e antigens, which is comparable to or better than that of IM injection.
Skin immunization of M2e5x VLP using MNs provides cross protection
To determine the efficacy of MN skin immunization on conferring cross protection against lethal challenge infection, the groups of immunized mice were intranasally challenged with a lethal dose of A/California (H1N1), A/Philippines (H3N2), or avian rgH5N1 (with M2 from A/Mandarian duck) virus at 6 weeks after skin or intramuscular boost immunization (Fig. 5) . All mice immunized with M2e5x VLPs showed body weight loss less than 13%, resulting in 100% protection. In comparison with IM injection, MN M2e5x VLP skin immunization showed a less loss (approximately 10, 6, 6%) in body weight against A/ California, A/Philippines, and avian rgH5N1, respectively.
Moreover, all mice survived lethal challenge infection (Fig. 5) . Meanwhile, mice immunized via IM injection showed more loss (approximately 13, 11, 8%) in body weight than those in MN M2e5x VLP skin-immunized mice after infection with A/California, A/Philippines, or avian rgH5N1 influenza virus, respectively. Both M2e5x VLP MN skin and IM groups showed 100% protection against lethal challenge with H1N1 pandemic, H3N2, or avian rgH5N1 influenza virus (Fig. 5) . In contrast, mice immunized with M2e5x proteins showed severe body weight loss and low or no protection against influenza virus. All naïve mice lost over 25% in body weight and were not protected. Therefore these results demonstrate that M2e5x VLP vaccine is superior to soluble M2e5x protein in conferring protection and delivery of M2e VLP vaccine to the skin using solid MN arrays is better than IM injection in conferring cross protection.
M2e5x VLP delivery to the skin contributes to inducing M2e mucosal antibodies and lowering inflammatory cytokine levels and lung viral titers
In another set of mouse challenge experiments, M2e-specific IgG antibody responses were determined in bronchoalveolar lavage fluids (BALF) collected from mice sacrificed at day 4 after challenge with A/Philippines (H3N2) virus (Fig. 6) . Significantly higher levels of IgG antibody responses specific for M2e antigen were observed in mice immunized through either skin or IM route (Fig. 6A) . It is well known that pro-inflammatory cytokines are involved in causing tissue damage, contributing to lethal disease. As expected, higher levels of IL-6 were observed in BALF from the mock control group than those from M2e5x VLP immunized mice through skin or IM injection (Fig. 6B) . The level of IL-6 in BALF from mice immunized with M2e5x VLP using MN was similar to that of mice immunized by IM injection. To better assess the protective efficacy against A/Philippines (H3N2) virus, lung viral titers were determined at day 4 after challenge. The group of mice immunized with M2e5x VLP vaccine by skin or IM routes showed approximately 10-fold lower lung viral titers compared to those in the mock control group (Fig. 6C) . The viral titer from mice immunized with M2e5x VLP using MN was similar to that of mice immunized using IM injection. These results suggest that M2e specific immune responses in systemic and mucosal sites can effectively contribute to controlling virus replication. Therefore, it is likely that inhibition of inflammatory cytokine production as a result of better lung viral control by M2e5x VLP immunization through the skin delivery plays a role in improving cross protection upon lethal challenge.
M2e5x VLP delivery to the skin enhances IFN-γ secreting T cell responses
To determine the induction of T-cell responses by skin immunization and its correlation with cross protection, we analyzed IFN-γ secreting cellular responses in lung cells (Fig. 7) . Lung cells were collected at day 4 post-challenge and IFN-γ cytokine ELISPOT assay was performed. Low levels of IFN-γ spots were observed in lung cells of the mock control group (Fig. 7) . However groups of mice immunized with M2e5x VLPs vaccines via skin or IM route showed significantly higher levels of IFN-γ secreting cell spots in lung cells. Interestingly, the group of mice immunized with M2e5x VLP vaccines using MNs showed significantly higher levels of IFN-γ secreting cells to the challenged virus in lung cells than those in mice immunized by IM route. These results provide evidence that delivery of M2e5x VLP to the skin using MNs induces INF-γ secreting T-cells to influenza virus antigens in lungs, a major infection site.
Discussion
Recently, human infection by H5N1 and H7N9 avian influenza virus has brought real concerns and alert, emphasizing the priority of developing a broadly cross protective vaccine and an effective vaccination method [29] [30] . M2e, a target protein for universal influenza vaccines, has very low immunogenicity and, although M2e is highly conserved among human influenza viruses, there are host species specific amino acids within the central M2e epitope from swine and avian influenza viruses. Delivery of influenza antigen is also important for effectively targeting the antigens to antigen presenting cells. Therefore, we hypothesized that presenting tandem repeat of heterologous M2e epitopes on VLPs (M2e5x VLP) as well as delivery of M2e5x VLPs to the skin using MN arrays would enhance the cross-protective efficacy. In this experiment, M2e5x proteins were not immunogenic in the absence of conjugating immunogenic carrier proteins and adjuvants. The present study showed that a simple-to-administer universal M2e5x VLP influenza vaccine using MN arrays without adjuvants would induce high levels of M2e specific IgG and IgG2a isotype antibodies as well as improve cross-protective efficacy against heterosubtypic swine and avian influenza viruses. It is expected that MN skin immunization with M2e5x VLP as a universal influenza vaccine might provide a new strategy of vaccination, potentially reducing morbidity and mortality of a new emerging influenza pandemic.
We found that M2e5x VLP MN vaccine delivered to the skin was more effective than those administered by IM injection in enhancing M2e antibody levels and recall cellular response in lungs, which is consistent with a previous study on influenza hemagglutinin VLP MN vaccination [26] . The mechanisms of microneedle vaccination comparing to IM immunization are unknown. It has been suggested that vaccine antigens through the skin are more likely to be captured by antigen-presenting cells, such as dermal dendritic cells and Langerhans cells, and transported to the lymph nodes for activation of T and B cells [31] [32] [33] . In contrast, antigens delivered into muscular tissues might be passively drained to surrounding tissues with antigen presenting cells or the regional lymph nodes via the lymphatic conduits or bloodstream, resulting in less efficiently capturing antigens by immune cells [34] [35] . In this experiment, skin delivery using M2e5x VLP might have dosesparing efficacy since an average level of M2e-specific antibody by skin injection was approximately 6-fold higher than that by intramuscular injection. Thus, it is likely that M2e5x VLP vaccine antigens delivered to the skin might have an easy access to dermal dendritic cells and Langerhans cells which present antigens T cells and stimulate B cells.
It is well known that the stability of influenza vaccines in liquid formulation is dependent on temperature. Vaccines in the liquid state are suggested to be kept at 4°C because of their unstability when stored at higher temperatures [36] [37] [38] . In contrast to liquid formulation, a number of different carbohydrate excipients were tested as stabilizers for pharmaceutical vaccine compounds during the formulation of a dry powder and trehalose was found to be most effective [39] . The addition of trehalose prevented physical changes in secondary and tertiary structure of influenza HA protein during a freezing process [40] [41] and significantly improved the stability of influenza VLPs [23, 37] . MN coating with influenza M2e5x VLPs involves a drying process that accompanies a change of vaccine formulation from liquid to solid. The stability of influenza M2e5x VLPs using trehalose as a coating buffer was maintained for 8 weeks, as evidenced by the reactivity to M2e monoclonal antibody and immunogenicity in mice. Influenza M2e5x VLP vaccine coated with trehalose was equally stable at 4°C and R.T. during storage up to 2 months, which is a significant advantage for mass vaccination in resource-limited countries.
Previously, we observed high humoral antibody responses by IM immunization with M2e5x
VLPs which resulted in a balanced IgG2a/IgG1 antibody ratio in mice, indicating both Th1 and Th2-associated immune responses. In contrast, MN delivery of M2e5x VLPs through the skin showed high humoral antibody titers and induced Th1-biased immune responses with an IgG2a dominant IgG subtype profile and IFN-γ secreting cells in lungs compared to IM route. A previous study confirmed that MN vaccination in the absence of trehalose stabilization induced IgG1 as a dominant isotype antibody probably due to deformed HA proteins but there was a switch to IgG2a dominance using trehalose-stabilized influenza vaccines [42] . Here, we also found that skin vaccination using influenza M2e5x VLPs with trehalose was effective in inducing IgG2a isotype antibodies as a representative of Th1 immune responses. Although the underlying mechanisms for preferential induction of IgG2a isotype antibodies by MN skin delivery still remain unknown, an effective uptake of M2e5x VLPs by dendritic cells under the skin after MN delivery is likely to be a contributing factor in addition to the antigenic stability. In support of this speculation, IgG1 dominant antibody responses by influenza VLP vaccination were induced in mutant mice that are deficient of MyD88 a common innate adaptor molecule for toll-like receptor signaling on antigen presenting cells [43] . The induction of IgG2a antibodies has been demonstrated to be effective in clearing virus infection through multiple mechanisms, including activation of the complement system, stimulation of antibody-dependent cellular cytotoxicity, and clearance of opsonized virus by macrophages [44] [45] [46] . Therefore, this study suggests that the M2e epitope integrity of M2e5x VLP MN vaccines using trehalose and delivery to the skin might be promoting effective interactions with B cells, dendritic cells, and/or other cells to stimulate the innate immune system and to induce IgG2a-dominant-type immune responses.
In addition to the immunologic advantages of M2e5x VLP MN vaccination, MN patch can also offer desirable logistic features compared to conventional IM injection. M2e5x VLP MN vaccination may be a significant advance that enables reliable and simple skin delivery for animal research and clinical use. In addition to conferring broad cross-protection, M2e5x VLP MN skin vaccination provides potential advantages over conventional IM injection due to the expected speed, simplicity, and potential dose-sparing efficacy [23, 47] . The small package size of a MN patch can simplify vaccine storage, transportation and disposal, as well as reduce the risk of needle re-use and needle-stick injury [48] . These characteristics of MNs using M2e5x VLPs would increase the coverage of seasonal and pandemic influenza vaccination by facilitating school-based vaccination of children and easy access to vaccination in elder-care facilities. These results indicate that vaccination using M2e5x VLP MNs is not inferior to IM injection in inducing protective host immune responses specific for universal antigenic target M2e. Thus, MN skin delivery can offer a promising alternative method to simplify influenza M2e5x VLP vaccination for improving cross protective efficacy.
In conclusion, protective efficacy with MN delivery of M2e5x VLPs to the skin could be comparable to or better than conventional IM injection. Immunity to M2e could confer cross protection potentially overcoming the hemagglutinin-based strain-specific protection by current vaccination. Alternatively, M2e5x VLPs MN patch vaccines can be developed as a supplementary vaccine providing immunity to a conserved M2e immunity in addition to current hemagglutinin vaccines. With the potential advantages for administration, safety and storage, skin vaccination using MN-based delivery of the M2e5x VLPs could be developed as a promising approach for an easy-to-administer universal influenza vaccine. 
